X-ray magnetic circular dichroism provides evidence of an out-of-plane spin moment in undoped and doped cuprates. In La 2 CuO 4 this moment is related to the canting of the antiferromagnetically ordered Cu 2+ spins caused by the Dzyaloshinskii-Moriya interaction within the CuO 2 planes. This canting gives rise to the wellknown weak ferromagnetism in high magnetic fields. We find a similar behavior in doped compounds, both in the normal and in the superconducting state, but with a different temperature dependence typical of paramagnetic systems. This result suggests that, together with short-range in-plane antiferromagnetic correlations, the Dzyaloshinskii-Moriya interaction survives up to optimal doping and in the superconducting state.
I. INTRODUCTION
In pure metals and alloys, superconductivity and magnetism are mutually exclusive phenomena. Yet, this conventional wisdom is not generally true for several more complex materials: heavy fermions ͓e.g., URhGe ͑Ref. 1͔͒, organic BEDT-TTF n X m superconductors, 2 pnictides, 3 and layered cuprates 4 all show phase diagrams where magnetic and superconducting ground states are close to each other. In hightemperature superconductors, which are the subject of the present paper, undoped parent compounds are characterized by long-range three-dimensional ͑3D͒ antiferromagnetic ͑AF͒ order with strong AF exchange constants within the CuO 2 planes. These are modeled by a two-dimensional AF S =1/ 2 Heisenberg Hamiltonian on a square lattice of Cu 2+ ions. 5 The spin-orbit coupling and the orthorhombic distortion of CuO 6 octahedra ͑specifically, the fact that in-plane oxygen atoms are no more at sites which are at a center of symmetry due to the exchange of two adjacent Cu ions͒ lead also to a Dzyaloshinskii-Moriya ͑DM͒ interaction that, in the specific case of La 2 CuO 4 , is responsible for a weak magnetic moment perpendicular to the CuO 2 planes. We underline that this effect is purely determined by in-plane distortions, as properly described in Ref. 6 . In this case the interplane exchange interaction orientates the moments antiferromagnetically explaining the overall 3D-AF. However, by applying a high magnetic field perpendicular to the CuO 2 planes, the weak AF interplane exchange interaction is overcome and the out-of-plane magnetic moments give rise to weak ferromagnetism ͑WF͒. 7 Neutron-scattering experiments have demonstrated that the field-induced WF survives in La 2−x Sr x CuO 4 for very low doping 8 but no data about this effect have been reported for larger doping up to the optimal one.
In this paper, we report the observation of a field-induced out-of-plane spin moment not only in undoped La 2 CuO 4 but also in underdoped and optimally doped La 2−x Sr x CuO 4 ͑LSCO͒ and R 1+x Ba 2−x Cu 3 O 7−␦ ͑R = Y and Nd͒. The data demonstrate the existence of magnetic correlations within the CuO 2 planes even in optimally doped compounds and both in the normal and superconducting state. This finding is based on extensive measurements of copper L 2,3 edge x-ray magnetic circular dichroism ͑XMCD͒ as a function of temperature, magnetic field and on the comparison to theoretical models.
II. EXPERIMENTAL DETAILS
Epitaxial ͑001͒ Nd 1.2 Ba 1.8 Cu 3 O 7−␦ ͑NdBCO͒ and YBa 2 Cu 3 O 7−␦ ͑YBCO͒ films were deposited by high oxygen pressure diode sputtering. Concerning NdBCO films, we studied 100 nm and 4 nm thin samples characterized by T c 's of 64 K and 20 K and a doping ͑p pl ͒ of 0.10 and 0.06 holes per CuO 2 plane, respectively. The YBCO film studied was close to the optimal doping with T c = 90 K and p pl = 0.15. Underdoped ͑001͒ LSCO ͑T c = 21 K and p pl = 0.08͒ and the undoped La 2 CuO 4 ͑LCO͒ ͑Néel temperature T N close to room temperature 9 ͒, on the other hand, were grown by pulsed laser deposition. The structural, morphological, and superconducting characterizations of these samples demonstrate their high structural quality and the absence of any secondary phase. [10] [11] [12] Optimally doped LSCO single crystals were prepared by traveling floating zone method. Data on a Sr 2 CuO 2 Cl 2 ͑SCOC͒ single crystal ͑T N = 251-310 K͒, 9, 13 which is characterized by the absence of apical oxygen atoms replaced by Cl, are also presented for comparison.
The experiments were performed at the beam-line ID08 of the European Synchrotron Radiation Facility ͑Grenoble, France͒ using the high-resolution Dragon monochromator in an ultrahigh vacuum cryostat equipped with a superconducting high-field magnet. In the experimental setup, the mag-netic field and the photon beam are parallel to each other and lie in the horizontal plane of the laboratory frame. The sample surface, which is parallel to the CuO 2 superconducting layers, is mounted in the vertical plane. The x-ray absorption spectra ͑XAS͒ were measured simultaneously by total electron yield and fluorescence yield detection. The photon beam was normal to the sample surface and parallel to the c axis and to the external magnetic field. In the L 2,3 -edge x-ray absorption process a 2p core electron is excited to the 3d empty states of Cu that are strongly spin polarized. The XMCD is obtained by the difference of XAS measured with the left and right circularly polarized light ͑ + and − , respectively͒ divided by the maximum at the L 3 of the sum spectrum
To minimize experimental uncertainties, each XMCD presented here is the average of up to eight spectra for each helicity, obtained by switching both the magnetic field direction and the light polarization.
III. EXPERIMENTAL RESULTS
The total electron yield Cu L 2,3 -edges XAS and the corresponding XMCD spectra are shown in Fig. 1 for an optimally doped YBCO sample and for undoped LCO and SCOC samples, all at 9 K and 4 T. The XMCD spectra obtained from electron yield ͑more surface sensitive͒ and fluorescence yield ͑more bulk sensitive͒ give similar results. In all samples, except SCOC, a sizable dichroic signal is found, which disappears at zero magnetic field. The XMCD signal is 1.3% of the L 3 edge peak in YBCO and 1.5% in LCO with a field of 4 T. Since Cu L 2,3 XMCD is related to the value of the Cu 2+ spin projected along the c axis ͑i.e., perpendicular to the CuO 2 planes͒ this is a clear indication that Cu spins are canted out of the CuO 2 planes in YBCO and LCO but not in SCOC. Notice that the origin of the dichroism cannot be explained through a purely paramagnetic canting of the spins induced by the field, which would require at least ten times higher magnetic fields to give the measured dichroic signal in the c direction.
14 Therefore, its origin should be searched for elsewhere.
Focusing on the two undoped samples, we point out that, although they are both antiferromagnetically ordered, the spin moments are slightly canted away from CuO 2 planes only in LCO. In SCOC, on the contrary, an intrinsic spin canting was never found by neutron diffraction due to the very small DM magnetic interaction among the Cu 2+ spins within the CuO 2 planes. 9 This allows us to interpret our XMCD signal in undoped LCO as being due to well-known field-induced weak ferromagnetism in this compound, where a sufficiently large magnetic field parallel to the c axis aligns the net magnetic moment of canted spins in each plane along the field direction. Such an interpretation is in keeping with the absence of a dichroic signal in SCOC, where no intrinsic canting is present.
On the other hand, the similarities between the XMCD spectra measured on LCO and on doped superconducting cuprates suggest a more intriguing result, i.e., the possibility that the origin of the magnetic dichroism measured on the undoped LCO and on superconducting samples is the same.
In order to identify the origin of the experimentally observed magnetic dichroism, the XAS and the XMCD data have been compared with relativistic ab initio multiplescattering calculation and with a single-ion approach. Ab initio multiple-scattering calculations were performed by means of the FDMNES code 15 that takes into account the full relativistic band structure of the investigated cuprates at the singleparticle level. Such calculations are able to mimic some of the near-edge structural features, like the small bump around 940 eV in LSCO ͓Fig. 2͑a͔͒ and LCO, but they fail to reproduce the observed magnetic dichroism, which is modeled as a rigid shift of the spin-up and spin-down densities of states ͓Figs. 2͑b͒ and 2͑d͔͒. On the contrary, a much better agreement between the theory and experimental data is obtained by the single-ion method in a crystal field, based on the Cowan's atomic code. 16, 17 This does not include Cu-O covalence effects but correctly takes into account the on-site Coulomb and exchange interactions and, therefore, all multiplet effects. In such a calculation, data are fitted by assuming a tetragonal crystal field and by adjusting the actual spin orientation as a parameter. The dichroic signal is therefore obtained from the out-of-plane component of the Cu 2+ -ion spins in the 2p 6 3d 9 configuration. The measured spectra, shown in Fig. 2 , are well reproduced at the L 3 edge, whereas a small but non-negligible discrepancy is present at the L 2 edge, probably underlying some limitations of the purely atomic model. However, although this approach does not include solid-state effects, such as covalency, it represents the state-of-the-art modelization of L-edges spectroscopies, which are indeed better described than through bandstructure calculations ͑see Fig. 2͒ . For this reason, in the following we shall employ it for a quantitative analysis with some caveat that will be detailed in Sec. IV.
IV. XMCD SUM RULES
X-ray magnetic circular dichroism is an extremely sensitive technique, commonly used to detect small magnetic moments in a variety of materials, including metals. Moreover, it gives direct access to the atomic magnetic moments with element selectivity through the use of sum rules applied to the experimental spectra. 18, 19 However, in the case of cuprates, some precautions are needed in the applications of XMCD sum rules, as the average value of the so-called magnetic-dipole term ͗T z ͘ is not zero, as usually assumed and covalency effects may play a non-negligible role.
We rewrite the two sum rules for spin and orbital moments in a form suitable for our discussion. We define I sum ͑L j ͒ = ͐ L j ͑ + + − ͒d and ⌬I͑L j ͒ = ͐ L j ͑ + − − ͒d, the sum and difference of the spectra measured with left and right polarization integrated over a given spin-orbit split edge ͑L 3 or L 2 ͒. Then the expectation values of the z component of the atomic operators ͗S z ͘ ͑spin͒, ͗L z ͘ ͑orbital͒, and ͗T z ͘ are given by
where n h is the number of holes in the 3d shell. For cuprates, we consider that the strong absorption peaks are mainly due to Cu 2+ sites ͑3d 9 ͒, thus n h = 1. Moreover this hole is known to have x 2 − y 2 symmetry. 20 In the absence of a spin-orbit interaction in the 3d states this would imply ͗L z ͘ = 0; however, the 3d spin-orbit interaction is not negligible in Cu and we should expect a non-negligible ͗L z ͘. 21 In fact, if we assume a perfect orientation of the atomic spin along the crystalline c axis ͑i.e., parallel to the quantization axis z͒ together with a x 2 − y 2 ground state, atomic model calculations for Cu 2+ give ͗S z ͘ = −0.5, ͗L z ͘ = −0. 22 The magnetic moments are related to the atomic operators through the relations: m spin,z = g͗S z ͘ B and m orb,z = ͗L z ͘ B . Since for a Cu 2+ ion in tetrahedral environment 7 2 ͗T z ͘ =2͗S z ͘, 23 we finally get a simple expression for the magnetic spin and orbital moments along the applied magnetic field direction ͑in our case the c axis͒
where we have used the fact that g Ӎ 2. By applying Eqs. ͑4͒ and ͑5͒ to the spectra of Fig. 1 24, 25 ͒. Some comments are necessary about this discrepancy, though we cannot provide here a definitive explanation. As mentioned above, some care is needed when the effective spin moment is determined using the sum rules, since the degree of covalence in the Cu-O bond is not taken into account explicitly in our atomic model whereas in the case of cuprates it can play a non-negligible role. 26, 27 In particular, the reduction in the number of holes at copper sites, due to weight transfer to oxygen atoms, can proportionally decrease the values obtained from Eqs. ͑4͒ and ͑5͒. However, we are not in condition to provide a reliable estimate for covalency corrections to the sum rules 28 and we must leave the discrepancy with the results of Ref. 6 as an open point for future investigations.
A central result of our work comes from the study of the temperature dependence of the out-of-plane spin moment. The effective out-of-plane spin moment at 4 T, determined using the sum rules, is shown as function of the temperature in Fig. 3 . We can notice, in such a temperature dependence, striking differences between doped and undoped cuprates. In LCO the component of the spin moment along the c axis shows, from 9 to 280 K, the trend expected in the case of field-induced weak ferromagnetism in an antiferromagnetic system ͑see Ref. 6͒. The magnetic moment goes to zero above 250 K, i.e., close to the Néel temperature. On the contrary, as shown in Fig. 4͑a͒ , in the superconducting samples the c-axis spin moment increases as the inverse of the temperature, like in a paramagnet and independently of FIG. 2 . ͑Color online͒ Comparison of ab initio ͑blue line͒ and single ion ͑red thick line͒ calculations with ͓panels ͑a͒ and ͑c͔͒ XAS and ͓panels ͑b͒ and ͑d͔͒ XMCD spectra at the L 3 edge. The experimental data ͑open circles͒ refer to ͓͑a͒ and ͑b͔͒ underdoped LSCO ͑T c =21 K, p pl = 0.08͒ and ͓͑c͒ and ͑d͔͒ optimally doped YBCO samples. In the inset of panel ͑b͒ the comparison between experimental and theoretical XMCD of LCO is also shown. the doping it goes to zero, within the experimental error, above 130 K. Moreover, the same spin moment measured at 9 K is linear as a function of the magnetic field with no remanent magnetic moment at zero field, as shown for YBCO and NdBCO in Fig. 4͑b͒ . Therefore, the temperature and magnetic field dependence of the spin moment in the doped compounds is compatible with a system of spins characterized by a component of the magnetic moment perpendicular to the CuO 2 planes due to the DM interaction. These effective spin moments are aligned by the field and are progressively ordered by lowering the temperature. The idea is that the magnetic dichroism in this disordered spin state of the superconducting cuprates is determined by the competition between thermal disorder and the magnetic field, which gives rise to the observed magnetic and temperature behavior.
Quite interestingly, no change in the temperature dependence of the magnetic moments is observed at the critical temperature of the superconducting compounds ͑Fig. 3͒.
Moreover, the magnitude of the spin moment measured at 9 K is found to be independent of the way the samples are cooled below T c , i.e., the same values and the same magnetic field dependence is observed in both zero-field-cooled and field-cooled conditions. These results exclude any correlation between the magnetic signal, due to the localized spin moments at the Cu 2+ sites and the presence of vortices in the compounds, in contrast with Ref. 29 where a magnetic fieldinduced signal was attributed to orbital currents inside the vortices.
The different temperature dependence of the spin moments in undoped and doped compounds also underlines the differences between the magnetic correlations in the two cases. In undoped LCO a weak ferromagnetism develops because the canted Cu 2+ spins posses a 3D-AF long-range order in zero field. The magnetic field just converts the overall antiferromagnetic ordering between adjacent CuO 2 planes along the c axis, to a weak ferromagnetic one. It is consequently understandable why, by increasing the temperature, the spin moment disappears at the Néel temperature. On the other hand, in doped compounds a magnetic component along the c axis survives but this component is not coupled with a long-range AF order of the Cu 2+ spins that is, indeed, destroyed by doping.
V. DISCUSSION
The experimental results show an interesting coexistence of superconductivity and magnetic correlations within the CuO 2 planes. In particular, our data show that, even in superconducting and optimally doped cuprates, the DM interaction within the CuO 2 planes survives and gives rise to the out-of-plane spin canting.
A magnetic spin component in optimally doped cuprates was previously detected by XMCD only in YBa 2 Cu 3 O 7 ͑YBCO͒ / La 0.67 Ca 0.33 MnO 3 multilayers by Chakhalian et al. 30 The overall size of the XMCD signal and its shape are comparable to the ones measured here, therefore suggesting a common origin of our results and those of Ref. 30 . Indeed, we believe that the spin moments found in the two cases have the same origin, i.e., a canting of the Cu spin out of the CuO 2 planes. The main difference between our data and those of Ref. 30 is in the temperature dependence of the spin moment. In the manganite/cuprate superlattices of Ref. 30 the temperature dependence is determined by the interaction of Cu 2+ canted spins belonging to YBCO with the ferromagnetic manganite layer: Cu moments of YBCO show a typical ferromagnetic behavior up to the Curie temperature of the manganite. In our data only the external field acts on the Cu moments and we find different T dependences in LCO and in YBCO.
An additional important point to be answered is if there is any correlation between our data and the polarized inelastic neutron scattering 31 and Kerr effect experiments, 32 which found the presence of magnetic features in YBCO cuprates with different doping. First of all, the effect we observe cannot be attributed at all to the orbital currents proposed by Varma, 33 which cannot be probed by circular dichroism in absorption because their associated order parameter only couples to linearly polarized x rays. 34 In Ref. 31 Fauqué et al. showed that their experimental results could be also explained by some form of ordered spin decoration of the CuO 2 plaquettes, which could agree with our results. However, from the temperature dependence of the spin magnetic moment we cannot establish a direct correlation between the field-induced spin component and the pseudogap temperature because the signal becomes too small to be measured above 130 K, which is well below the pseudogap temperature of the underdoped samples that have been analyzed. Similarly, the results of the Kerr effect experiment 32 and our results could probably have a similar origin, which is identified in our experiment to be related to the existence of an out-of-plane Cu 2+ spin moments associated to the DM interaction even in optimally doped cuprates.
VI. CONCLUSIONS
In conclusion, in this paper we showed that the DM magnetic interaction within the CuO 2 planes, observed in undoped cuprates, survives in both the normal and superconducting states of LSCO, YBCO, and NdBCO high-T c superconductors. The magnetic coupling is revealed by the presence of a canting of the Cu 2+ spins out of the CuO 2 planes, determined by x-ray magnetic circular dichroism measurements around the copper L 2,3 edge. The magnetic signal measured by XMCD does not show any anomaly at the superconducting critical temperature. Moreover, the data also demonstrate that, while in the undoped compound, the canted spins exhibit the well-known field-induced weak ferromagnetism, hole doping makes the canted spins of adjacent layers independent of one another. The results presented here should be considered for a complete understanding of the interplay between magnetism and superconductivity in cuprates.
